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We report the integration of the insulating ferromagnet GdN with epitaxial films of the topological
insulator Bi2Se3 and present detailed structural, magnetic and transport characterization of the
heterostructures. Fabrication of multi-channel Hall bars with bare and GdN-capped sections enable
direct comparison of magnetotransport properties. We show that the presence of the magnetic
overlayer results in suppression of weak anti-localization at the top surface.
Combining three dimensional (3D) topological insula-
tors (TIs) with magnetism is of great current interest
because of the unique effects predicted when the time
reversal protected topological surface states are modified
by symmetry breaking magnetic perturbations [1, 2]. Ex-
periments aimed at observing such phenomena have pri-
marily focused on magnetically doped TIs [3–7]. Com-
plementary to the direct magnetic doping of TIs, several
theoretical schemes have proposed explorations of a dif-
ferent sample geometry wherein a patterned ferromagnet
(FM) is interfaced with a TI [8–11]. When the magnetic
easy axis of the FM overlayer is out-of-plane, a gap opens
in the surface states of the vicinal TI and this massive
Dirac Hamiltonian should lead to chiral 1D edge states
along FM domain walls where the mass changes sign.
If the easy axis of the FM lies in-plane, no gap is ex-
pected to first order but the moment can be levered out-
of-plane by an external field, thereby opening or closing a
gap. Calculations[12] also show that hexagonal warping
effects can lead to a gap even with an in-plane FM. Un-
like magnetically doped films [3], such a geometry leaves
the bulk band structure unaffected. However, electrical
transport experiments require an insulating ferromagnet
to ensure current paths that flow solely through the TI.
Recent advances in this context have exploited the syn-
thesis of EuS/Bi2Se3 heterostructures [13, 14]. In this
Letter, we demonstrate an alternative scheme towards
such “magnetic gating” proposals by creating hybrid elec-
trical transport devices wherein we interface the insulat-
ing FM GdN with a TI (Bi2Se3).
GdN is an insulating FM that has elicited interest for
low temperature spintronic devices, particularly since it
can be deposited by reactive sputtering at ambient tem-
perature [15, 16]. This is of prime importance in stud-
ies of magnetic exchange coupling effects, as it mini-
mizes thermal diffusion of magnetic species. Changing
the nitrogen composition allows access to metallic [17],
semiconducting [18] and insulating [16] regimes, open-
ing possibilities for its use as a spin-injector/detector, a
spin-filter or a ferromagnetic gate in novel spintronic de-
vices. The semiconducting and insulating states display a
maximum ferromagnetic Curie temperature TC∼ 65− 70
K [16–18], while more conducting N-deficient forms can
have TC well above 100 K [16, 17].
Bi2Se3 thin films were grown by molecular beam epi-
taxy (MBE) on InP (111)A substrates under typical
growth conditions described elsewhere [19]. Following
a brief exposure to ambient atmosphere, the films were
transferred to a Kurt Lesker CMS-18 system. After an
in-situ Ar+ surface clean, GdN was deposited by reactive
rf sputtering of Gd in an Ar:N2 environment at ambient
temperature. The GdN films were deposited at a rate of
∼ 0.1−0.2 A˚/sec, with a sputtering power of 4.93 W/cm2
in a 15% N2:Ar gas environment at 5 mTorr pressure with
a source to substrate distance of 20 cm. The base pres-
sure in the chamber prior to sputtering was ∼ 4x10−7
Torr. The lack of ultrahigh vacuum is probably respon-
sible for the lower TC(∼ 13K) of our films. Since GdN
oxidizes instantly on exposure to atmosphere, the films
were capped in-situ with ∼ 60 nm of Au deposited by dc
sputtering.
Structural and magnetic characterization of the het-
erostructure is presented in Fig. 1. High-resolution
transmission electron microscopy (HRTEM) and electron
energy loss spectroscopy (EELS) were used to investigate
the nature of the interface. The phase contrast image
in Fig. 1(a) reveals a sharp interface between the epi-
taxial Bi2Se3 and the GdN. However, bright field im-
ages (see Fig. S1 in supplementary materials) reveal
that the first 5-10 nm of the GdN is amorphous, fol-
lowed by polycrystalline GdN thereafter. Scanning TEM
(STEM) images and corresponding Gd EELS intensities
are shown in Figs. 1(b) and (c). The line scan of the
energy loss near-edge structure for the Gd M4,5 edge,
obtained using a probe size of 0.5 nm and step size of
0.72 nm, shows no Gd in the bulk of the Bi2Se3. We
emphasize that the lack of Gd diffusion into the bulk of
the Bi2Se3 clearly differentiates this scheme from previ-
ous studies of bulk magnetically doped TIs. More de-
tailed structural characterization may be found in the
supplementary section. Magnetization measurements in
a superconducting quantum interference device (SQUID)
magnetometer confirmed the ferromagnetism in the het-
erostructures. Measurements were taken along both in-
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2FIG. 1. (Color online) (a) HRTEM phase contrast image of
the heterostructure. (b) STEM image of the heterostructure.
Dotted lines differentiate the Bi2Se3 film, an interfacial amor-
phous GdN layer, and the polycrystalline GdN layer. (c) Cor-
responding line scan of the Gd (M4,5 edge) and N (K edge)
EELS signal reveals a sharp drop at the Bi2Se3 interface. No
Gd signal is detected in the bulk of the Bi2Se3. (d) M vs T
measurements of the Bi2Se3/GdN heterostructure reveal TC∼
13 K. (e) M vs µ0H measurements at T = 1.8 K along the
〈112¯〉 and 〈111〉 directions of the substrate, showing that the
easy axis is in-plane. Inset: M vs µ0H curves over a 2 T field
range.
plane and perpendicular-to-plane directions in a 5 mT
measuring field after a 0.9 T field cool. The temperature
dependence of the magnetization M shows TC ∼13 K
(Fig. 1(d)). The hysteresis loops in the M v/s µ0H plots
(Fig. 1(e)) show that the easy axis is in-plane, possibly
due to shape anisotropy of the GdN thin film.
We measured magneto-transport in Hall bar devices
of an 8 nm thick Bi2Se3 thin film, patterned into mul-
tiple channels of dimension 20 µm × 60 µm by stan-
dard photolithography and etching. The ferromagnetic
GdN/Au gate electrode is defined over one of the chan-
nels by another step of photolithography, sputtering and
a lift-off process. The sputtering conditions were identi-
cal to those employed for the characterization in Fig. 1.
Figure 2(a) is an image of a typical device showing chan-
nels of bare Bi2Se3 and ones covered with GdN. This en-
ables a comparison of the magneto-transport properties
of the Bi2Se3 film in both regions to see the effects of the
overlying magnetic layer. DC transport measurements
were carried out in a Quantum Design PPMS system
with an 8 T superconducting magnet and a base temper-
ature of 1.8 K and an Oxford Heliox He3 system with a
base temperature of 400 mK. A typical non-linear 2-point
I-V curve of the Au-GdN-Bi2Se3 structure, is shown in
Fig. 2(b), indicative of a barrier to transport. To con-
FIG. 2. (Color online) (a) Optical microscope image of the
transport device. (b) Non-linear 2-point I-V curve of the Au-
GdN-Bi2Se3 structure at T = 400 mK shows a strong non-
linearity indicative of a barrier to transport.(c) 4-point V-
I curves of GdN capped channels patterned from the same
thin film for different GdN thicknesses: 15 nm (red), 22 nm
(blue) and 30 nm(green). The channel resistance shows no
marked change with increasing GdN thickness, confirming the
insulating nature of the GdN.
firm that the barrier indeed lies in the GdN and that the
GdN is itself insulating, we additionally patterned Hall
bars from a single Bi2Se3 film but with varying thickness
of the overlying GdN layer. The room temperature re-
sistance of the capped channel in these devices showed
no marked change for different thicknesses of the GdN.
This is shown in the 4-pt V-I curves in Fig. 2(c) for GdN
thicknesses ranging from 15-30nm. These measurements
rule out the possibility of alternate current paths through
the GdN layer, and demonstrate that charge transport is
solely restricted to underlying Bi2Se3.
A comparison of the transport properties of the two
channels in the device directly reveals the influence of the
overlying magnetic layer on transport in Bi2Se3. The re-
sistances of both channels show metallic temperature de-
pendences (Fig 3(a)), except for an upturn at low temper-
atures where the two dimensional (2D) sheet conductance
(σ) has a logarithmic temperature dependence σ ∼ ln(T )
(inset to Fig. 3(a)), consistent with electron-electron (e-
e) interaction in 2D [20]. The smaller residual resistivity
ratio of the capped channel seen in Fig. 3(a) is already
indicative of its lower mobility, and further confirmed
by Hall measurements. The bare channel has a resis-
3tivity ρ = 1.17 mΩ.cm, mobility µ = 246 cm2/V.s and
carrier density n = 2.17 × 1019 cm−3; the capped chan-
nel has ρ = 4.12 mΩ.cm, µ = 60.9 cm2/V.s and carrier
density n = 2.49 × 1019 cm−3. One potential cause for
this suppression in mobility is damage from sputtering
by reflections of energetic Ar gas neutrals, as observed in
graphene [21].
The carriers are n-type, and their density corre-
sponds to a Fermi energy in the bulk conduction band.
Figure 3(b) compares the low-temperature magneto-
conductance MC in the two channels over a temperature
range 2 ≤ T ≤ 10K. Both channels show a negative MC
that is characteristic of weak anti-localization (WAL) in
Bi2Se3 due to strong spin-orbit coupling in the bulk and
surface states. We note that low-frequency (19 Hz) lock-
in measurements in the capped channel display a positive
MC which only depends on the perpendicular compo-
nent of magnetic field (data not shown). This positive
MC might be readily interpreted as evidence for weak
localization arising from opening of a surface state gap
[22]. However, we find that the positive MC is frequency-
dependent and is absent in the DC measurements re-
ported in this Letter. Thus, we cannot attribute it to the
opening of a gap and the phenomenon is not currently un-
derstood. Our observations contrast with measurements
in EuS/Bi2Se3 heterostructures where positive MC sig-
natures of gap-induced weak localization are seen in both
DC and AC transport [14].)
We extract the phase coherence lengths lφ in the two
channels by fitting the MC using the Hikami-Larkin-
Nagaoka equation [23] for WAL quantum corrections, ig-
noring for simplicity the effects of e-e interactions [20]:
∆σ(B) =
αe2
pih
[
Ψ
(
l2B
l2φ
+
1
2
)
− ln
(
l2B
l2φ
)]
. (1)
In the above equation α and lφ are used as fitting param-
eters and lB is the magnetic length. In the relevant case
of strong spin-orbit coupling and weak magnetic scat-
tering, we expect that α ∼ −0.5 for a single coherent
channel, and the system lies in the symplectic class. In
the limit of strong magnetic scattering, we expect α ∼ 0,
and the system lies in the unitary class. The temperature
dependence of lφ and α are compared for the two chan-
nels in Figs. 3(c) and 3(d), respectively. Both capped
and bare channels show a power law temperature depen-
dence lφ ∝ T−1/2, suggesting that the dominant dephas-
ing mechanism is e-e interactions in 2D. However, the
capped channel has a suppressed lφ in comparison to the
bare channel. This might be trivially attributed to mag-
netic scattering. However, note that the value of α for the
capped channel is inconsistent with a transition towards
a unitary class due to magnetic scattering, and instead
remains in the symplectic class (taking values close to
−0.5). This raises the possibility that the WAL with
the shorter lφ in the capped channel is associated with
FIG. 3. (Color online) (a) Residual resistivity ratio (RRR)
R(T )/R(3.2K) for the GdN capped (blue circles) and bare
(red circles) channels. Both show a metallic temperature de-
pendence, and the weaker RRR for the capped channel is
indicative of its lower mobility. Inset shows that σ ∝ ln(T ) at
low temperature for both channels due to e-e interactions. (b)
MC for the capped channel (left half of panel) and the bare
channel (right half of panel) at temperatures ranging from 2
K to 10 K. Circles are data points and the bold lines are quan-
tum corrections fits to WAL. (c) Temperature dependence of
the phase breaking length lφ for the capped channel (blue)
and bare channel (red) from the fits in Fig. 3(b). Bold lines
represent power law fits. (d) Temperature dependence of the
prefactor α for the bare channel (red) and the capped channel
(blue). Both channels take values close to −0.5, and hence
lie in the symplectic class. Bars on the data points of (c) and
(d) represent 95% confidence intervals of the fits.
a single coherent channel that couples the bulk and the
bottom surface state. In such a scenario, contributions
to WAL from the top surface state may be expected to
be completely suppressed due to the overlying magnetic
layer.
In summary, we demonstrated the growth of a novel
class of TI heterostructures by interfacing Bi2Se3 with
the insulating ferromagnet GdN. The ability to deposit
GdN at ambient temperatures minimizes Gd diffusion
into the Bi2Se3, as confirmed by high resolution EELS
measurements. Also, electrical characterization of the
heterostructure confirms the insulating nature of our
GdN films, and thus ensures lateral transport solely
through the Bi2Se3. Finally, our hybrid devices allow
a direct comparison of magneto-transport properties of
Bi2Se3 channels with and without magnetic interactions.
Devices with lower bulk carrier densities TI thin films and
further improvements in the interface may enable direct
access to the effects of broken time-reversal symmetry.
4The development of these heterostructure devices opens
up a broad range of opportunities for studying the influ-
ence of magnetism on electrical transport in the topolog-
ical surface state and the development of novel spintronic
devices.
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